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Software for Statistical Analysis of Weibull Disiributions With Application
to Gear Fatigue Data: User Manual With Verification

Timothy L. Krantz
National Aeronautics and Space Administration
Glenn Reseaich Center
Cleveland. Ohio 44135

Summary

The Weibuli distribution has been widely adopted for the statistical description and inference of
fatigue data. This document provides user instructions, examples. and verification for software to analyze
gear fatigue iest data. The software was developed presuming the data are adequately modeled using a
two-parameter Weibul} distribution. The calculations are based on likelihood methods, and the approach
taken is valid for data that include type 1 censoring. The software was verified by reproducing results pub-
lished by others.

Introduction

This document provides user instructions, examnies. and verification data for softwarc 10 analyze gear
fatigue test data. The sofiware was developed on the presumption that the data are adequately modeled
using a two-parameter Weihull distribution. It is bascd on the likelihood methods described by Meeker
and Escobar (1998). The software can be used to determine

Maximum likelihood estimakes of the Weibull distribution

Daa for contour plots of relative likelihood for two parameters

Daia for contour plots of joint confidence regions

Data for the profile likelihood of the Weibull distribution parameters

Data for the profile likelihood of any percentile of the distribution

Likelihood-based confidence intervals for parameters and/or percentiles of the distritution

O W AWy —

The software can account for tests that are suspended without failure. The statistical wrminology
for suspended tesls is “censoring.” The analytical approach for the software is valid for type 1 censoring.
which is the removal of unfailed units at a prespecified time. Confidence regions and intervals are cakcu-
lated using the likelihood ratio method. Guidance for the philosophy und interpretation of statistical confi-
dence intervals can be found in the text of Hahn and Meeker (1991,

The Weibull distribution has been widely adopted for the statistical description and inference of
fatigue data. The Weshull cumulative distribution function F is defined as

roei-ef {3

where ¢ is the ime to failute. B is the shape parameter. and N s the scale parameter. For the Weibull
distribuiion. the probahility density function can have u vanety of shapes, and the hazard function may
be an increasing or decreasing functior of time. The shapes of these curves depend only on the shape
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parameter. Typically. surface fatigue data for gears have distsibutions with shape parameters less than
three. Therefore, the probability distribution functions typically are skewed right. For a given Weibull
disiribution. one can determine the mode. mean, median. variance, and higher moments analytically by
employing the gamma function (Cohen, 1973).

The software developed herein was written in the FORTRAN 90 programuming language. Users of the
software are required to write short main programs that provide the data to be analyzed and also call the
appropriate subroutines. The examples provided in this manual were compiled using the Microsoft
PowerSiation Fortran Compiler, version 4.0 (Professional Edition).

The dati analyzed as examples for this document (tables | and 1) are those from gear fatigue experi-
ments. These daa have previously becn analyzed using regression-bused methods, and the results

(Kraatz et al., 2000). The data are again snalyzed and reported in this document using softwarc
based on likelihood methods.

Venfication information for the software is provided in sppendix A. The software was verified by
reproducing results published by Meeker and Fscobar (199%). Appendix B provides descriptions and
instructions for using subroutines. Some calculations require the use of routines from a sandard math
subroutine library (IMSI.. 1997 IMSL is a registered trademark of Visual Numerics. Inc.) or an equiva-
lent. Subrouvine wmax!l (appendix B) is based on the code of Keais, Lawrerce, und Wang ( 1997).

Estimates of Distribution Parameters
Data Set §

The masn program that analyzed the dika of table 1 1o provide maximum likelihood estimates of the
Weibull distribution shape and scale parameters is presenied below as source vode listing 1. Allocatable
dimensioning is used (lines 8 and 9) to make certain that the array sizes match the value of “n,” the vari-
able describing the nuinber of 1esis (line 7). For the amray “censar.” a vahee of “zera” i given to indicate a

test run to fatlure whereas a valuc of “onc™ is given tv indicole a test suspended without failure (lines 10
10 15). A call 1o subroutine wmax// provides maximum likelihood estimates of shape and scule parameters
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(line 40). With the maximum likelihood values for the shape and scale available, subroutine whlinverse
provides maximum likelihood estimates for any desired percentile of interest (lines 48 to 52).

The main program produced the output presenied below following source code listing 1. The maxi-
mum likelihood estimates for shape and scale parameters are 1.037 and 376.7, respectively,

feerce Code Listing 1
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Owput produced by this main program was as follows:

4C.24¢ 08: failed
$3.94 teos failes
£€9.08 test faiiel
6°.68 test faile?
$5.76 test faiiec
134.22 tes’ tailes
i99.40 sest fa.le?
$%4 25 test fa.lel
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305 .88 toct sucpended
30 .65 Tesr suspended
104 03 test guspended
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306.9, test suspended
33%.6% vest suspended
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L3C preportion late = 4. 0405
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.86 pzsporsicn lile o 55C. 0452
.90 praporeica Jile o $45.6331

Estimates of Distribution Parsmeters
Data Set 2

The main program that analyzed the data of table I to provide maximum likelihood estimates of the
Weibull distribution shape and scale parameters is presented below as source code listing 2. The source
code listing 2 mirvors source code listing 1, differing only in the lincs defining the number and results of
experiments (lines 7 to 32). The main program produced the output presented below following source
code listing 2. The maximum likclihood estimates for shape and scale parameters are 0.8616 and 103.0,

respectively.
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Output produced by this main program was as follows:

7.0 tes: failed
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.32 preporticrn 1ife o 11 MDD
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.4C propereicn Life o 47,2138
.8 proprreicn Life &« §7.2438
€54 prOprreing Life o 93.2517
L9 propareien Life s 127.%04¢
00 prop reinn 4% o 19%.461°
90 proportion Lafe o 27L.044%
Joint Confidence Regions

Data Set 1

The main program that analyzed the data »f table | 1o determing joint confidence regions for the
simultancous cstimates of the shape parameter and 10-percent life is presented below as source code list-
ing 3. Output files were writien to provide data for likelihood ratios and confidence levels (lines 25 10 28).
Allocatable dimensioning is used (lines 30 and 31) 1o make certain that the array sizes match the value of
“n,” the variable describing the number of tests (iine 291. For the array “censor,” a value of “zero” is
given to indicate a test run to failure whereas a vaiue of “one” is given to indicate a test suspended with-
out failure (lines 32 to 37). The range of values for the shape and scaie parameters must be provided (lines
5910 62). A call 10 subroutine vjlorne provides the data required for contour piots. The subroutine writes
results to FORTRAN units numbered 9 and 10, The owtput from the program is two data files, each con-
1aining 1681 fines. Each line consists of three numbers corresponding to a 10-percent life value, a shape
parameter valuc, and cither the likelihood ratio or the likelihood-ratio-based joint confidence value. The
joint confidence values arc displayed as a contour plot (fig. 1), providing a graphical display of plausible
values for simultaneous estimates of the 10-percent lifc and the shape parameter.
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Duta Set 2

The main program that snalyzed the data of 1able 11 Lo determine joint confidence regions for the
simultaneous estimates of the shape parameter and 10-percent life is presented below as source code list-
ing 4. The source code listing 4 mirors source cade listing 3. The output from the program is two data
files. each containing 1681 lincs. Each line consists of three numbers corresponding to a 10-percent life
value, 2 shape parameter value. and cither the likelihood ratio or the likelihood-ratio-hased joint confi-
dence value. The joint confidence values are displayed as a contour plot (fig. 2), providing plausible
values for simultaneous estimates of the 0-percent fife and the shapc parameter.
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Profile Likelihood and Profiie-1ikelihood-Based Confidence Intervals
Deta Set 1

The main program that determined the profile likelihood and profile-likelihood-based confidence
intervals for the 10-percent life for the data of tabic | is prescnied below as source code listing S. The
main program determines the profile likelihood over a range of values for a specified percentile of inter-
est, in this case the 10th percentile. Any percentile can be investigated by changing one line in the code
for variable “pfrac” (linc 49). Allocatable dimensioning is used (lines 15 and 19) to make certain that the
array sizes match the value of “n.” the variable describing the number of tests (Jine 17). For the array
“censor.” a value of “2zro” is given to indicatc & test run (o failure whereas a value of “‘one” is given to
indicate a test suspended without failure (lines 24 t0 29). Amray “time” (lines 31 10 45) provides the tes
times. The subroutine p/iperceir is called (line 56) 10 determine the relative likelihood ratio for a speci-
ficd 10-percent life. By calling the subroutine repeatedly within a do-loop (lines 50 10 59), data for a
profile-likelihood plot are calculated. The output from the main program was plotted using two vertical
scales to show bath the profile-likelihood ratic values and the canfidence leve] (fig. 3). Table I1I lists
some profile-likelihood ratios and the comresponding coniidence level. A 90-percent confidence interval
for the 10-percent life is shown graphically on figure 3. The lower and upper bounds can be determined
more precisely by running the program again with an appropriate range of values for the 10-percent life
(figs. 4 and §).
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The subroutine phipercens called by the main program detcrmines the shape and scale factors corre-
sponding to the largest likelihood value by an iterative search method. This method requires that maxi-
mum and minimum values for the shape parameter be provided to begin the search. The minimum and
maximum values used in this example were hardcoded in the subsoutine as 0.08 and 8.0 respectively.
Users who wish to analyze data sets that require inspection of shape vulues outside the just-stated range
need to modify the subroutine (appendix B),
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The main program that determined the profile likelihood and prafile-likelihood-based confidence
imervals for the 10-percent lifc for the dsta of table It is presented below as source code listing 6. The
main program mirrors that of source code 5. The output from the main program was plotted using
(wo vertical scales to show both the profile-likelihood ratio values and the confidence level (fig. 6).

A 90-percent confidence interval for the 10-percent life is shown graphically on figure 6.
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The subroutine p/vpercent called by the main program determines the shape and scale factors corre-
sponding 10 the largest likelihond value by an iterative scarch method. This method requires that maxi-
mum and minimum values for the shape parameter be provided to begin the search. The minimum and
maximum values used in this example were hardcoded in the subroutine as 0.05 and 8.0 respectively.
Users who wish to analy2e data sets that require inspection of shape values outside the just-stated range
need to modify the subroutine (appendix B).
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Weibull Plot With Confidence Intervals

Profile-likelihood-based confidence intervals can be determined for any percentile of interest using
main programs similar to source codc listings S and 6. The variable “pfrac” determines the percentile to
be investigated. For example, using “pfrac = 0.30" onc can calculaie data for the 30-percent life. Collec-
tions of such confidence intervals were calculated, and the results are provided in figures 7 and 8. These
two figures are plotted using Weibull coordinates so that the Weibull cumulative distnhution frequency
will pk as a straight line. The test data points are plotted at the pusitions of exact median ranks (Jaquelin,
1993
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Summary of Results

Software has heen developed 10 analyze gear fatiguc test daia. The source code listings discusced
provided examples illustrating how to define the test data to be analyzed and how 10 call the appropriate
subroutines to analyze the data. The software can be used 1o determine

Maximum likelihond estimatex of the Weibull distribution

Data for contour plots of relative likelihood for two parameters

Data for contour plots of joint confidence regions

Data for the profile likelihood of the Weibull distribution parameters

Data for the profile likelihood of any percentile of the distribution

Profile-likelihood-based confidence inervals for parameters and/or percentiles of the distribution

oV A W

Contour plots of relatis¢ likelihood (not illustrated in this document) can be ohtained from the output
files as pros ided by source code listings 3 and 4. Profile-likelihood calculations for Weibull distribution
parameters were not illustrated directly. A point for the profile-likelihood plot of the shape parameter can
be determined using subroutine w/rario (appendix B). A profile likelihood for the scale parameter can be
obtained using a source code in the manner of listings 5 and 6 and analyzing for the 63.2 percentile
"pfrac”™ = 0.632).
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Appendix A
Verification of Software

The software was verified by reproducing results published by Mecker and Escobar (1998). The main
programa to produce the figures in this appendix (figs. 9 to 14) were similar to the source code listings
fourd 1n the main body of this document.
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Appendix B
Subroutine Descriptions and User Instructions

Sebreutine CCHECK
A subroutine to do “error™ checking on censoring array. all values should be cither § or 0 integers.
Usage

subroutine ccheck (n, censor)

Arguments

n {integer) size of array “censor” (input)

censor (imeger array) array of dimension [n}]. censoring information (input)
Comuments

If all elements in array “censor™ equal either O or 1. no action is tuken.

If any element does not meet the criteria, a line of text is written to FORTRAN units numbered 6, 9,
and 10. and then execution of the main program is halted.
Other mabroutines called

None
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Sebreutine CCHECK2
A subroutine 12 do error checking on censonng array. Al valucs should be cither | or 0 integers.
Usage

subroutine cclreck2 (n. censer)

Argements

n (integer) sizc of array “censor” (input)

censor (integer amray) amray of dimension [n], censoring information (input)
Comments

If all clements in array “censor™ equal either 0 or 1, no action is taken.

If any element does not meet the criteria. a line of text is written to FORTRAN units numbered 6 and
10, and then execution of the main program is halted.
Other subroutines called

Nonc
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Sebrowtine FINSHAPEMAXLL

A subroutine to calculate the maximum hkelihood estimates of the scalc parameter for a two-
paramcicr Weibull distnibution, for a presumed shape and censored data,

Usage

subroutine firxshapemaxi! (times. censor, n, shape, scale)

Arguments

times (rcal array) array of dimension [n], test times (input)

n (integer) size of array “censor” (input)

censos {integer array) array of dimension [n), censoring information (input)
shape (realy presumed Weibull shape parameter (input)

scale (real) calculuted Weibull scale parameter (output)
Comments

This routine is based on the code published by Keats and Lawrene (1997). Although arguments
asrc passed as single precision, calculations within the subrutine are done in double precision.

For array “censor,” a value of 0 indicates a test to failure whereas a value of 1 indicates a test sus-
pended withowt failure (type | censoring).
Other subroutines called

None
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Swbreutine PLVPERCENT
A subroutine to calculate a point on a profile-likelihood curve for a Weibull distribution at a particu-
lar cummulative distribution function (CDF) percentile of interest and a presumed value for the time to

fatlure at that percentile. This routine can be called repeatedly using different values for the assumed
time te failure (atime ) to generate data for a profile-likelihood cune.

Usage

subroutine ph percent (ime, censor. n. atime. pirac, ratio, spdly, scblv)

Arguments
time (real array) array of dimension [n), test times (input)
censor (integer array) airay of dimension [n). censoring mformation (input)
n (integer) size of array “censor” (input)
atime (real) assumed time to failure (input)
pfrac freal) assumed percentile of CDF courresponding to
value of atime (input)
o (real) profile ratio for best likelihood value [blv] (output)
spblv (real) shape factor corresponding 1o blv (output)
schiv treal) scale factor corresponding to hv (output)
Comments

For array “cenwor.” 8 value of O indicates a test 1o failure whereas 2 value of 1 indicates n tost sus-
penced without faihure (type | censoriag).

Deta are rescaled within the subrowtine to avoid enweme values.

The Weibull shape parameter resuhting in the profile-likelihood value is found within the subroutine
by an iteraive method. The shape value is found to within a 1olerance of 0.01. A range for the shape must
be provided to star the iterative process, and the shape pameter resulting in the profile-likelihood value
must be contained within that range. The sabroutine uses a range from 0.05 to 8.0. These values could be
adjusied 10 fit the needs of & particular data set, but one might encounter numerical problems for extreme
scale parameter values since i is used as an exponent in calculations. The routine writes a line of text to
uait number 6 if the romtine fails to converge within 1000 itcrations.

Other subreutines cafled

wmarll
wiratio
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Sebreutine WBLINVERSE

A subroutine 10 cak ulate an mnverse Weihull cumulativ ¢ distribution function (CDF) value.
Usege

subwoutine s hiinverse (shape, sale, frac, hfe)

Argements

shapc 1real) Weibull shape parameter (input)

scale (real) Weibull scale parameter (inputy

frac (real) Weibull CDF percentile of interest tinput)

lite (real) time to failure for provided percentile of CDF
Comments

None

Other subrowtines called

None
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Swbreutine WFLSHAPE
A subroutine to calcutate Weihull distnbution hikelihood-based profile data (likelihood ratio).
Usage '

subroutine wflshape (2, censor, n. shapemax. shapemin)

Arguments

¢ (rcal array) ammay of dimension [n). test times (input)

censor (nteger array) amray of dimension [n). censoring information (input)
n (integer) size of array “censor™ (input)

shapemax treal) maximurn shape value of range to be caiculated finput)
shapemin (real) minimum shape value of range to be calculated (input)
Comments

For array ~censor,” a value of 0 indicates a test to failurc whereas a value of | indicates a test
suspended without failure (type I censoringe.

No outputs are returned to the calling program. However, output is w=*»n to FORTRAN unit
number 9_If a file for unit number 9 was not vet opened. the user wili be prompted for a filename.

The likelihood profile ratio is calculated for 41 values of the shape fuctor, the values equally spaced
between the values passed as shapemax and shapemin. The output writien to unit number 9 consists of
two columns of numbers of fixed length. where the numbers are the shape factor and the calculated likeli-
hood ratio.

Data arc rescaled within the routine 10 avord extreme vaive®.

Other sabreutines caliend
rmax//
JSixshapemaxl!

wiratio
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Sebrostine WJLONE

A sbroutine 1o calculate Weibull distribution likelihood-based joint confidence raticos and corre-
sponding confidence levels to be plotted as contour plots. This routine presumes that the Weibull distribu-
tion is parameterized by the <hape parameicr and 10-percent life.
Usage

subroutine wjione (2, comor, n, shapemax, shapemin, tenmasx, tenmin)

Argaments

z (real array) array of dimension [n], test times ¢input)

censor {intcger array) array of dimension {n), censoring information (input)

n (integer) size of array “censor” (input)

shapemax (realy maximum shape value of range to be calculated (input)
shapemin {realy minimum shape valuc of range to be cakulated (input)
tenmax (real) maximury 10-percent life to be calculated (input)
tenmin (realy minimum 10-percent life to be calculated (inpui)
Comments

For array “censor,” a value of O indicates a test to failure whereas a value of | indicates 2 test sus-
peaded without failure (type | censoring).

No outputs are returned to the calling program. However, output is written (0 FORTRAN units
numbered 9 and 10. If files were not yet opened, the uses will be prompted for filenames.

The likelihood profile ratios and confidence levels ars calculated for a full amay of 41x41 values
(1681 lincs) of the shape parameter and 10-percent life, the values equally spaced between the ranges
defined by the values passed #s shapemax to shapemin and tenmax to tenmin, respectively. The cutput
wTiten 1o unit number 9 consists of three columns of numbers of fixed length, the numbers being the
shape parsmeter, the 10-percent life, and the calculated likelihood ratio. The output writien to unit number
10 consists of three columns of sumbers of fixed length. where the numbers are the shape parameier, the
10-percent life. and the cakculated joint confidence Jevel.

Data are rescaled within the routine to avoid extreme values,

NOTE: Confidence levels less than 10 percem are writien 10 the output file as equal to 10 percent.
Confidence levels greater than 99.99 percent are writien to the output file as equal 10 99.99 percent.

Other subreutines called
wmax/!

wiratio
chidf (TMSL routine—see IMSL (1997): IMSL is a regisicred trademark of Visual Numerics. Inc.)
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Subrentine WILTWO

A subroutine to calculate Weibull distribution hikelihood-based joint confidence ratios and corresponding

confidence bevels to be plotied as conour plots. This routine presumes that the Weibw'l distribution is

parameterized by the shape patameter and scale parameter (or 63.2-percent life). !
Usage

subroutine 1wj/nvo (z. censor, n, shapemax, shapemin, scalemax. scalemin)

Arguments

2 (real asray) amray of dimension [n], test times tinput)

¢ensor (integer arTay) array of dimension |n), censoring information (input)

n (integer) size of array “censor™ (input)

shapemax (real) maximum <hape value of range to be calculated (input)
shapemin (real) minimum shape value of range to be calculated (input)
scalemax (real) maximum scale value of range to be calculated ¢input)
scalemin treal) minimsm scale value of range to be calculated (input)

Comments

For array “censor.” a value of 0 indicatcs a test to failure whereas a value of | indicates a test sue-
pended without failure (type 1 censoring).

No outputs are returned to the calling program. However, output is written to FORTRAN units
aumbered 9 and 10. If files were not yet opened. the user will be prompted for filenames.

The likelihood profile raitios and confidence Jevels are calculated for a full array of 41x41 values
(1681 lines) of the shape parameter and scale parameter, the values equally spaced between the ranges
defined by the values passed as shapemax to shapemin and scalemax to scalemin, respectively. The out-
Pt writien to uait pumber 9 consists of three columns of numbers of fixed length, the numbers heing the
shape parameter. the scale parameter, and the cakculated likelihood ratio. The output writien to unit num-
ber 10 consists of three columns of numbers of fixed length, where the numbcrs are the shape paramcter,
the scale paramcter. and the calculated joint confidence level.

Data are rescaled within the routine to avoid extreme values.

NOTE: Confidence kevels less than 10 percent are written to the output file as equal 10 10 percent.
Confidence levels greater than 99.99 percent are writicn 10 the output file as equal 10 99.99 percent.

Other swbreutines calied
wrnaxi/

wiratio
chidf (IMSL soutine — see IMSL (1997); IMSL 15 a registercd trademark of Visual Numerics. Inc.)
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Swbreatine WLLOGLY

A sebroutine 10 calculate the Jog-likelihood value of a single life test. Can be called repeatedly, with
the outputs summed, o calculate the joint log-likelihood value of a data set

Ceage

subroutine vlnglv (sc, sh, t, fail. llv)

Arguments

< (real) Weihull scale parameter (input)

sh (real) Weibull shape parameter (input)

f (real) test time (input)

fail {ineger ) flag indicating test to failure of test censored tinput)
LIy (real) log-likelihood value foutput

Comments

For variable fail. a value of 0 indicates a te<t to failure whereas a value of | indicates a test suspended
without failure (type I censoring.

Other subroutines called

None
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Subreutine WIL.RATIO

A subroutine 1o calculate the numerator of a likelihood ratio of a data sct using presuined Weibull
shape and scale parameters.

Usage

subroutine wiratio (time. censor. n. shape. scale. Iv)

Arguments

time (real array) array of dimension [n], test times (input)

ccnsor (integer array) array of dimension [n), censoring information (input)
n (integer) size of a;ray “censor™ tinput)

shape (real) presumecd Weibull shape parameter {input)

scale {real) presumed Weihull scale parameter (input)

v freal) likelihood value, or value of numerator (output)
Comments

For array “censor.” a value of 0 indicates a test 10 failure whereas & value of | indicates a test sus-
pended without failure (1ype I censering).

Other subrovtines called

wiogh
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swbreatine WMAXLL

A subroutme 10 calculute the maximum likelihood estimates of the scaie parameter for a two-
psrameter Weibull distribution. for a presumed shape und censored data.

Usage

subroutine wmax/l (times, censor, n, shape, scak)

Arguments

times (real array) array of dimension [n), test times (input)

n (integer) size of array “censor” (input)

censor tinteger array) array of dimension [n). censoring information (input)
shape (real) calculated Weibull shape parameter (output)

scake (real calculated Weihull scale parameter (output)
Comments

This routine is based un the code published by Keats, Lawrence. and Wang (1997). Ahthough argu-
ments are passed as single precision, calculations within the subroutine are done in double precision.

For array “censor,” a value of 0 indicates a test to failure whereas a valuc of | indicates a test sus-
pended without failure (iype | censoring).

The routine finds the maximum likelihood valuc for the shape parameter iteratively. where the shape
parameter is the root of an equation. The routine is considered as converged if the siep size of the
Newion-Raphson method is less thao 0.0003. If the routine fails to converge after 100 itcrations, a line is
written to FORTRAN unit number 15,

Other subreutines called

None

MASA/TM—2002-21 1109 K}




References

Cohen. A. Chifford. 1973: The Reflected Weibull Distribution. Technomet., vol. 15, no. 4, pp. 867-873,
Hahn. Gerald J.: and Meeker, William Q., 1991: Swuistical Intervals: A Guide for Practitioners.
John Wiley & Sons, New York. NY. ‘
IMSL—Fortran Subrowtines for Swatistical Applications, 1997: Vol. 1, Visual Numerics, Inc.
Jacquelin, Jean, 1993: A Reliable Algorithm for the Exact Median Rank Function. IEEE Trans. Elec.
Insul.. vol. 28, no. 2. pp. 168-171,
Keats. J. Bert; Luwrence, Frederick P.; and Wang. F.K.. 1997: Weibull Maximum Likelihood Parameter
Estimates With Censored Data. J. Qual. Tech., vol. 29, no. 1, pp. 105-110.
Kramz, T.L.. et al.. 2000: Surface Fatigue Lives of Case-Carburized Gears With an Improved Surface
Finish. NASA/TM—2000-210044. hitp./glius.g1¢.0a82 3ov/GLTRS Accessed July 31, 2001,
Meeker, William Q.: and Escobar. Luis A.. 1998: Statistical Methods for Reliability Data.
Jom Wiley & Sons. New York. NY.
Townsend. Dennis P.; and Sh'maski, John, 1994: Evaluation of the EHL Film Thickness and Extreme
Pressure Additives on Gear Surface Fatigue Life. NASA TM-~106663.

NASA/TM—2002-21 §)09 32

I IR R e



REPORT DOCUMENTATION PAGE

Borm Apgroved
OMB No. 0704-0168

§

o SN ANNE 37 OGNy I8 T AP NG e ¥ Worater  $end tev e

O erigmagt cr Wl 40T

;;
§
4

January 2002

Nptrtreg § #Gon for 998 COMCHOr & PERENDT i STUNING 15 Bve R3¢ T PO 7 PO’ RIPITIE, ALACTY 0 e 1Y NWE I
areTmr

ngarfng
NPPIIIne o Wwc.ry T Durdenr, 19 Wastingion Neaiauerern Becvices Dvec-orare K1 o reter Ope-stave and Fepens. ‘213 sefierven
Cow ghmay Sue ‘22 WO Sw- YA 217004302 and 1o e DMve ¢ Macagernay o3 Rulpet Papernark Reouros Prept D1 4-LI08). Hamnyor DC 20600

E Y o]
IO BT C Aty T GSO0CH oF TS

Techaical Memorandum

Sofiware for Statistical Anatysis of Weibull Diaritnaions With Application
t0 Gear Fatigue Data: User Manual With Verification

5 FUNDING NUMBERS

WU-712-50-13-00

(3. AUTHOMS)

Timothy L. Krantz

ILI62211A4TA

Natronal Asrosawtice and Spase Admu mMRTaton
Joha 1§ Ghomr: Rewearch Cemer

Claveland (e 441138 119:

and

S Ay Rewsch Lahormony

Cieveland Ohic 44138-319!

9. SPOMBCAINGAIOIITONING AGBNCY NAME(S) AND ADONEIKES)
Naciona: Acrorawtics d Spece Admimcaton

Wasngics. DC 205460001

ad

U S Arw; Research Lanors ory

Adcigh... Mar) .aad 20783-1i4¢

[N
ARPOAT NUMBEN

E-12956
76, SPONBOMNOAMONITORNG |
AGENCY ARPORT MUNSER

NASA TM—2002-211109
ARL-TR~1338

17, SUPPLEMENTARY ROTES

Resporsibie person. Tamathy L. Krantz. organization code 5950, 216-433-3580.

[Tae DRTRSTOWAVALARGITY STATEMENT
Unclasified - Unlimited

Sebject Caegorics: 37, 38, and 63
Avsilable elecwosicalh, 8 ME/singcoes s SATRS

Distribution:  Nonatandasd

13. ADSTRACT iantmum 290 worde)

Tiue publicaivor; s 8 alable from he NASA Comer for AcroSpace Information. 20162 §0390.

The Welhnl] disritution has heen widely sdnpied for the statistical description and inference of fatigwe data. This docu-
mest provides s¢T InsWuctions. cxampics. and verification for software W analyze gear fatigue test dms. The software was
developed presuming the data are adequetcly modeked waing a two-paramctcr Weiball dstmbution. The calculations arc
besed on kelihood methods. and the spproech taken 1s valid for data that include type | censoning The software was

verified by seprodecing resehs published by others.

e SVBsReT Tame “W
Fasigoe sening. Maxmmem hhcihood estimstes. Statisical analy sis gears, mﬁ——
Vreibull deneity functions

MY~ SEUNIN CLABSPCATIOR |16 Iy 5 CREYAYON OF ARSTRALY |
OF REPORT OF THB PAOE OF ABSTRACY

Unc lne sified Unclassified Unclasified _
8400 $600 Stenca 'd Porrn 200 Mev 208,

et 1240 Preseed by ANS Bhe 230 19

200-100




REPRODUCTION QUALITY NOTICE

We use state-of-the-art high speed document scanning and
reproduction squipment. In addition, we employ stringent quality
control techniques at each stage of the scanning and reproduction
process to ensure that ouwr document reproduction Is as true to
the originai as current scanning end reproduction technology
sllows. However, the following original document conditions may

adversely affect Computer Output Microfiche (COM) and/or print
reproduction:

e Pages smaller or larger than 8.5 inches x 11 inches.
o Pages with background color or light colored printing.
o Pages with smaller than 8 point type or poor printing.

¢ Pages with continuous tone material or color
photographs.

o Very old material printed on poor quality or detariorating
paper.

if you are dissatisflod with the reproduction quality of any
document that we provide, particularly those not exhibiting
any of the above conditions, please feel free to contact our
Directorate of User Services at (703) 767-9066/9088 or
D8N 427-9066/9088 for refund or replacement.

END SCANNED DOCUMENT




